To investigate factors controlling soil formation, we established a climosequence as part of the Susquehanna-Shale Hills Critical Zone Observatory (SSHCZO) in central Pennsylvania, USA. Sites were located on organic matter-poor, iron-rich Silurian-aged shale in Wales, Pennsylvania, Virginia, Tennessee, Alabama, and Puerto Rico, although this last site is underlain by a younger shale. Across the climosequence, mean annual temperature (MAT) increases from 7 to 24°C and mean annual precipitation (MAP) ranges from 100 to 250 cm. Variations in soil characteristics along the climosequence, including depth, morphology, particle-size distribution, geochemistry, and bulk and clay mineralogy, were characterized to investigate the role of climate in controlling mineral transformations and soil formation. Overall, soil horizonation, depth, clay content, and chemical depletion increase with increasing temperature and precipitation, consistent with enhanced soil development and weathering processes in warmer and wetter locations. Secondary minerals are present at higher concentrations at the warmest sites of the climosequence; kaolinite increases from <5% at northern sites in Wales and Pennsylvania to 30% in Puerto Rico. The deepest observed weathering reaction is plagioclase feldspar dissolution followed by the transformation of chlorite and illite to vermiculite and hydroxy-interlayered vermiculite. Plagioclase, although constituting <12% of the initial shale mineralogy, may be the profile initiating reaction that begins shale bedrock transformation to weathered regolith. Weathering of the more abundant chlorite and illite minerals (~70% of initial mineralogy), however, are more likely controlling regolith thickness. Climate appears to play a central role in driving soil formation and mineral weathering reactions across the climosequence.
Q uantifying changes in the critical zone (CZ), especially soil development and function, is important for predicting the future of soils (NRC, 2001) . The CZ extends from the top of the vegetation canopy to freshwater aquifers beneath Earth's surface and is the focus of most ecosystem processes that support terrestrial life . Soil formation within the CZ involves complex coupling between physical, chemical, and biological processes that are not well quantified (Amundson, 2004) . Efforts to predict how future changes in climate and land use will modify the CZ are ongoing and are important aspects of developing adaptation and management plans for human society (Banwart et al., 2011) .
A state factor approach is commonly used to investigate a soil property or function as the result of various environmental factors, including climate, biota, topography, parent material, and time (Dokuchaev, 1883; Jenny, 1941) . Using environmental gradients to isolate the influence of one soil forming factor is a practical approach to solving the state factor equation (e.g., Runge 1973; Birkeland, 1999) . Climate is of particular interest because it plays an important role in mineral weathering and soil formation whereby more intense weathering is associated with high temperatures and precipitation rates (White and Brantley, 1995) . Water is necessary to facilitate mineral transformation reactions: water temperature in part controls the kinetics of the system such that weathering reactions occur more rapidly in the presence of warm rather than cool water (Kump et al., 2000) . Furthermore, increasing temperature decreases the amount of water available for weathering by partitioning more precipitation to evapotranspiration rather than baseflow (Rasmussen et al., 2005) .
Strong climate gradients are observed either across elevation or latitudinal changes. Elevation gradients encompass a range of precipitation and temperature across short distances and record climate effects on soil development and weathering (e.g., Koch et al., 1995; Dahlgren et al., 1997; Bockheim et al., 2000; Egli et al., 2003; Stiles et al., 2003; Goodfellow et al., 2014) . Similarly, soil profiles observed across latitudinal gradients (Muhs et al., 2001; Williams et al., 2010) or at a variety of latitudes (Rasmussen et al., 2011) show correlations of climate to weathering rates and mineral transformations.
In landscapes where physical erosion is low, studies at multiple spatial scales have demonstrated that precipitation and temperature strongly control chemical weathering rates and soil development when all other state factors are held constant (Strakhov, 1967; Ruhe, 1984; Chadwick et al., 2003; Dahlgren et al., 1997; Rasmussen et al., 2007; Williams et al., 2010; Goodfellow et al., 2014) . The degree of soil development varies considerably with changes in climate, with thresholds observed in weathering processes and soil formation between water-limited systems and energy-limited systems (Dahlgren et al., 1997; Rasmussen et al., 2011; Goodfellow et al., 2014) . Soil development indices correlated with climate include increased clay content (Dahlgren et al., 1997; Bockheim et al., 2000; Lybrand and Rasmussen, 2015) , elemental losses and redistributions during pedogenesis (Muhs et al., 2001; Egli et al., 2003; Stiles et al., 2003; Chadwick et al., 2003) and mineral transformations from parent material to secondary clay minerals in soils (Dahlgren et al., 1997; Mirabella and Egli, 2003) .
As weathering of residual bedrock proceeds, minerals in the parent material are transformed to clay minerals such as vermiculite, hydroxy-interlayered vermiculite (HIV), and kaolinite, and iron oxides (Wilson, 2004) . Common weathering reactions in soils include the transformation of chlorite and illite to vermiculite, HIV, and interstratified clay minerals (April et al., 1986; Wilson, 1999) . Some mineral weathering reactions, such as carbonate dissolution, pyrite oxidation or plagioclase feldspar dissolution, are described as profile initiating reactions that begin the process of disaggregating bedrock into regolith; weathering reactions such as clay dissolution, however, are likely more important in controlling the overall regolith thickness . Indeed, studies on various lithologies have documented the deepest weathering reactions as carbonate dissolution (White et al., 2005; Williams et al., 2007; Jin et al., 2010) , biotite oxidation (Buss et al., 2008; Behrens et al., 2015; Bazilevskaya et al., 2015) , or plagioclase feldspar dissolution (Brantley and White, 2009; Behrens et al., 2015) but these minerals sometimes constitute a small fraction of the overall parent mineralogical composition.
An increasing number of quantitative weathering models are advancing our ability to predict weathering advancement and landscape evolution (e.g., Godderis et al., 2006; Lebedeva et al., 2007 Lebedeva et al., , 2010 Brantley et al., 2008; Minasny et al., 2008; Maher, 2010; Brantley and Lebedeva, 2011; Bazilevskaya et al., 2013 Bazilevskaya et al., , 2015 but field observations of soil thickness, geochemistry, and mineralogy are needed across a range of environmental gradients to validate these models (Behrens et al., 2015) . In an effort to investigate soil formation as a function of climate, a climosequence of sites was established on residual shale parent material in the Northern Hemisphere. The climosequence encompasses mean annual temperature (MAT) of 7 to 24°C and mean annual precipitation (MAP) ranging from 100 to 250 cm. Parent material is dominantly Silurian organic matter-poor, iron-rich Rose Hill Formation shale across sites that are currently tectonically quiescent and at relatively low elevation (240-750 m). Previous research efforts across this climosequence focused on quantifying weathering rates as a function of climate, where we observed an exponential dependence of temperature and a linear dependence of precipitation on plagioclase weathering rates (Dere et al., 2013) . The aim of this paper is to document mineralogical transformations and soil development across a climosequence of shale-derived soils to identify weathering reactions controlling soil thickness and development, and to further investigate the role of climate in controlling soil formation.
MATERIALS AND METHODS

Climosequence Locations
The climosequence spans 34° of latitude in the Northern Hemisphere and includes the following sites: Plynlimon, Wales, United Kingdom; Whipple Dam State Park and SSHCZO, Pennsylvania (PA), USA; Goshen National Wildlife Management Area, Virginia (VA), USA; Big Ridge State Park, Tennessee (TN), USA; Lake Guntersville State Park, Alabama (AL), USA; and Juncal, Puerto Rico (PR), USA ( Fig. 1 ; Table  1 ). These sites were previously described in detail in Dere et al. (2013) . Mean annual temperature and MAP vary across the climosequence, with the Wales and PR end member sites exhibiting the greatest difference in climate ( Table 1 ). The majority of the sites are underlain by Silurian iron-rich, organic-poor Clinton Group shale. In PA and VA, the shale is part of the Rose Hill Formation (Gillette, 1947; Folk, 1960; Kozak, 1965) while shale formations in TN and AL are called the Rockwood and Red Mountain Formations, respectively (Finlayson, 1964; Sanford, 1966) . The shale in Wales is part of the Gwestyn Formation (British Geological Survey, 2005) . Puerto Rico does not have Silurian shale therefore an Oligocene shale (Tobish and Turner, 1971 ) was sampled at this site. Residual soil profiles on ridgetop topographic positions were sampled at all sites to minimize any colluvial inputs (Taylor and Eggleton, 2001) .
Vegetation varies across the climosequence, as would be expected across any climatic gradient. The Appalachian Mountains are dominated by mixed deciduous forests with coniferous vegetation most prominent in the northern study sites. The vegetation in Wales consists of spruce plantations on the slopes and moorland grasses in the upper reaches of the watershed. Puerto Rico has tropical species including banana (Musa sp.) and palm (Arecaceae sp.) trees. Although we attempted to sample sites undisturbed by humans, we recognize that the Appalachian Mountains have been deforested several times in the last 300 yr (Walter and Merritts, 2008) . Puerto Rico was managed as a farm as recently as 40 yr ago and Wales is an active spruce plantation.
Aside from human disturbances, the greatest climatic disturbance over the soil residence time (SRT), or the time soils have been forming, at each site was the Last Glacial Maximum (LGM) where glaciers covered Wales and periglacial conditions persisted in PA until about 15 ka (Ciolkosz et al., 1986; Cadwell and Muller, 2004; Catt et al., 2006) . Although periglacial features have been reported throughout much of the Appalachian Mountains (King et al., 1960; Clark and Ciolkosz, 1988; Gardner et al., 1991) , we did not observe these features in the soil pits at sites other than central PA.
Soil and Rock Sampling
Soil samples were collected using a 5-cm diam. hand auger from the mineral soil surface to refusal or as deep as physically possible; in some profiles we were unable to manually auger to unweathered bedrock and therefore the weathering profile extends deeper than sampled. An auger was used to retrieve deep soil samples in TN, AL, and PR; at these sites, we augered from the soil surface to as deep as possible but then continued augering from the base of hand-dug soil pits to extend our augerable depth. The interface between the organic and mineral horizon was defined as 0 cm. Samples were collected approximately every 10 cm throughout the augerable profile and placed in a resealable plastic bag for storage. Soil pits were dug by hand up to 2 m deep and described (Soil Survey Staff, 1993) . To maintain consistency with all samples in this study, we analyzed only augered soil samples even for those samples that were possible to retrieve from soil pits. Rock samples were obtained from outcrops near soil sampling sites or from the bottom of soil pits (see Dere et al. [2013] for locations). All samples were air-dried and homogenized before chemical and physical analyses. 
Soil and Rock Chemistry
Bedrock and bulk soil sample splits (including any rock fragments) were ground and passed through a 100-mesh sieve (<150 µm). In preparation for chemical analysis, 1 g of lithium metaborate was fused with 100 mg of ground sample at 950°C for 10 min followed by dissolution in 5% (v/v) nitric acid for 30 min (Medlin et al., 1969) . The resulting solutions were analyzed for major elements by inductively coupled plasma atomic emission spectroscopy (ICP-AES; PerkinElmer Optima 5300DV ICP-AES, Waltham, MA). These analyses were performed at the Materials Characterization Laboratory (MCL) at Penn State University with an estimated analytical error of ±3% for each element.
Soil chemical profiles were interpreted using the dimensionless mass transfer coefficient:
where t represents the ratio of the concentration of an element of interest (C j ) normalized to an immobile element (C i ) in the weathered soil (w), and unweathered parent material (p; Brimhall and Dietrich, 1987; Anderson et al., 2002) . A t value of zero indicates an element has not changed from the initial parent composition, while a t value greater than or less than zero indicates addition or depletion of an element relative, respectively, to the initial parent composition (Brimhall and Dietrich, 1987) . The t value is a useful way to compare changes in elemental composition from weathering processes, especially given the variations, albeit small, in initial parent composition between sites along the climosequence (Dere et al., 2013) . Parent material was defined as the average of shale samples from local shale outcrops or rocks recovered from pits or boreholes. Across the climosequence, Zr was observed to be less mobile than Ti and was therefore chosen as the immobile element in Eq.
[1]. In VA, however, Zr addition to the profile from denudation and incorporation of previously overlying sandstone precluded the use of Zr as the immobile element; instead, we used corrected Ti values to account for Ti mobility ( Jin et al., 2010; Dere et al., 2013) .
Soil Particle-Size Distribution
Soil particle-size distribution (wt %) was measured by first passing 15 g of soil through a 2-mm sieve to remove any rock fragments. Ten grams of the <2-mm fraction was then placed in a 250-mL centrifuge bottle and filled halfway with distilled water (Soil Survey Staff, 2004) . Samples were sonified for 10 min then placed on a shaker table for 30 min before pouring the silt and clay suspension through a wetted 53-mm sieve and rinsing with approximately 500 mL of distilled water to separate the sand fraction (2 mm-53 mm) from the silt and clay fractions (Jackson, 1974; Soil Survey Staff, 2004) . The rock and sand fractions were dried overnight at 105°C and weighed after cooling. The remaining silt and clay suspension was analyzed by laser diffraction using a Malvern Mastersizer "S" V. 2.19 (Malvern Instruments Ltd., Malvern, UK) at the MCL. This instrument has a size range of 0.05 to 900 mm and we used a wavelength of 633 nm, beam length of 2.4 cm and a particle density of 2.65 g cm -3. Distilled water was used as the medium with a refractive index of 1.33 at 20°C; the refractive index of illite (1.54) was used for the solid phase, with an obscuration of ~15% (Buurman et al., 1997) . The laser diffraction method measures the variation in light scattering intensity as a laser beam passes through a well dispersed sample, yielding a volume distribution of particlesizes. Such an approach assumes that all particles are spheres, which is unrealistic for clay particles exhibiting platy structure. Thus, we defined the clay-sized fraction as particles < 8 mm based on previous work by Konert and Vandenberghe (1997) that compared the laser and pipette particle-size analysis methods. The percentage volume of silt and clay obtained by laser diffraction was converted to weight percentage by subtracting the sand fraction from the original mass of the sample (10 g) and dividing the remaining mass proportionally between the silt and clay fraction so the sum of all three size fractions (sand, silt, and clay) totaled 100%.
Quantitative Bulk Soil and Rock Mineralogy
Select soil and rock samples from sites across the climosequence were analyzed for mineralogy using X-ray diffraction (XRD). For quantitative XRD analysis, 1 g of ground sample (<150 mm) was combined with 0.25 g of corundum standard and micromilled with ethanol using a McCrone mill (Eberl, 2003) . Samples were dried overnight and shaken for 10 min with Vertrel solution, then passed again through a 150-mm sieve and mounted onto a side loading metal sample holder to maximize random mineral orientation (Whittig and Allardice, 1986) . Samples were analyzed using a Scintag PAD-V powder X-ray diffractometer (Scintag, Inc. [currently Thermo Scientific], Cupertino, CA) with a Ge solid state detector and Cu-Ka radiation (Ka = 1.54178 Å). Voltage was set at 35 kV and current at 30 mA. Diffraction patterns were collected from 2 to 70° 2q using a step size of 0.020° 2q at 1° 2q per minute. JADE software was employed to identify XRD peaks. Quantitative mineral abundance estimates were obtained from the resulting diffraction patterns using the USGS RockJock program (Eberl, 2003) .
Clay Mineral Composition
For select soil samples, the clay fraction was separated by transferring the silt and clay suspension (<53-mm fraction) to 250-mL centrifuge bottles and centrifuged using a Sorvall Legend X1R Centrifuge (Thermo Fisher Scientific, Inc., Waltman, MA) at 750 rpm (11 ´g) for 7 min to settle the silt fraction ( Jackson, 1974) . The clay suspension was transferred to a clean 250-mL centrifuge bottle and centrifuged at 3000 rpm (171 ´ g) for 45 min. The clear supernatant was decanted and the remaining clays resuspended in approximately 40 mL of distilled water.
Clay mineral composition was obtained by treating the clay fraction with (i) ethylene glycol atmosphere at 60°C; (ii) K saturation with a 1 M KCl solution followed by heat treatments at 200, 350, and 530°C in a muffle furnace; (iii) Mg saturation with a 1 M MgCl 2 solution followed by treatment with glycerol; and (iv) acid (HCl) treatment (Jackson 1974; Poppe et al., 2002; Deng et al., 2009) . Descriptions of the clay treatment methods are provided in the Supplementary Material. Slides were prepared by pipetting roughly 2 mL of the treated clay and water suspension onto glass slides and air drying overnight. Diffraction patterns were obtained at the MCL using a PANalytical Empyrean X-ray diffractometer (Almelo, The Netherlands) with Cu-Ka radiation at 45 kV and 40 mA. Samples treated with ethylene glycol, K, Mg and HCl were scanned from 4 to 32° 2q (scan time 7:48 min); heat-treated K saturated samples and glycerol treated Mg samples were scanned from 4 to 15° 2q (scan time 3:09 min). A PIXcel detector was used in scanning mode with a position sensitive detector (PSD) length of 3.35° 2q and 255 active channels. A 10-mm beam mask, a 1/4° divergence, and a 1/8° anti-scatter slit were used on the incident side of the diffractometer and a 1/16° anti-scatter slit and a 0.02-mm nickel filter were used on the diffracted side. A beam knife was used to minimize beam scatter at low angles.
RESULTS
Soil Morphology
Soils described across the climosequence are progressively more mature from north to south, as evidenced by increased development of subsurface diagnostic horizons, reddening, and increased clay accumulation ( Fig. 1 and 2 , Table S1 ). Soils in Wales and PA are underlain by fractured shale bedrock (saprock; Fig. 2 ) which was not observed at the bottom of pits or soil cores at any other site (Fig. 2) . The soil-saprolite boundary was difficult to identify in AL and PR; therefore the loss of pedogenic structure was used to define this boundary (Fig. 2) . In TN, the saprolite boundary is more clearly defined at 160 cm where inherited shale structure was observed (Fig. 2) . In VA, the soil profile (80 cm) developed from Rose Hill Formation shale that was intercalated with sandstone, resulting in more resistant sandstone clasts that are readily observed at the land surface (Fig. 2) . In addition, it appears that weathering at this site has proceeded into the underlying sandstone unit and is visible at the base of the weathered shale profile, as observed at the base of the soil pit.
Minimal horizon development was observed in Wales and PA (Fig. 2) . In PA, Bt horizons are weakly developed while soil profiles in VA, TN, AL, and PR exhibited well-developed Bt horizons (Fig. 2) . Redoximorphic features, including both concentrations and depletions, were present in VA, TN, AL, and PR. The depth to redoximorphic features generally increases from 40 cm in VA to 45 cm in TN and 100 cm in AL, then decreases slightly to more weakly expressed redoximorphic features at 60 cm in PR. Redoximorphic features were most strongly expressed in the TN and AL soils. Total clay content generally increases from north to south across the climosequence, from approximately 20% in Wales to 50% at southern sites (Table 2, Fig. 2 ).
Soil Chemistry
Soil chemistry is reported in Table 3 for major elements Al, Ca, Fe, K, Mg, Mn, Na, P, Si, and the trace element Zr. Parent material elemental rock chemistry was previously reported in Dere et al. (2013) . Concentrations of Si, Al, and Fe were greatest throughout all soil profiles while elements such as Ca and P were extremely low at all sites (Table 3) .
The majority of elements exhibit depletion profiles whereby the mass transfer coefficient decreases toward the land surface (Brantley and White, 2009; Fig. 2) . However, concentrations only return to parent composition at depth at the northern sites (Wales and PA), and to some extent, VA (Fig. 2) . The majority of elements in TN, AL, and PR do not return to parent at the bottom of the sampled profile (Fig. 2) . Sodium t profiles were previously presented in Dere et al. (2013) and show depletion profiles at all sites, with the extent of depletion at the soil surface increasing from the northern (20-30% depletion in Wales and PA) to the southern end (100% depletions in PR) of the climosequence. Magnesium also exhibits depletion profiles and the extent of surface Mg depletion increases from north to south, although no sites are 100% depleted in Mg at the soil surface. Potassium is depleted from all soils but shows enrichment at depth in TN (Fig.  2) . Iron is highly variable with depth and enriched in profiles at the Wales, VA, TN, and PR sites. Silicon is most variable in AL, where chert fragments inherited from the parent shale at this site were abundant (Dere et al., 2013) . In PR, Al was enriched throughout the entire profile with respect to initial parent concentrations (Fig. 2) .
Rock and Soil Mineralogy
Parent shale mineralogy comprises mainly quartz, illite, and chlorite minerals with smaller quantities of plagioclase, potassium feldspar, and iron oxides (Table 4) . Quantitative XRD showed that plagioclase generally constitutes < 12% of the parent mineralogy, which is consistent with plagioclase quantities calculated using parent Na concentrations (Dere et al., 2013 ; Table 4 ). Iron oxides and potassium feldspar also represent < 12% of the bulk parent mineralogy. A small amount of kaolinite (<5%) was measured in the VA, TN, and PR parent rocks but is not thought to be a primary mineral in the shale ( Jin et al., 2010) . The presence of small amounts of kaolinite may indicate some weathering of the parent rock in the sampled outcrops. Illite is the dominant mineral in the PA parent material, comprising 63% of the parent mineralogy whereas the chlorite fraction is considerably smaller (5%) compared with all other parent rock samples (15-37% of the parent mineralogy) from the climosequence. The mineralogy of the PA sample reported here is consistent with the previous quantification of Rose Hill Formation shale mineralogy at SSHCZO located within 3 km from our study site ( Jin et al., 2010) .
In contrast to the other soils which contained £2% calcite, the parent shale in PR contains up to 45% calcite. This large difference in composition is not unexpected given the different depositional history of the shale at this site (Tobish and Turner, 1971) . Calculations of calcite content based on bulk Ca concentrations (i.e., assuming all Ca is present only as calcite) are similar to estimates from quantitative XRD analysis for PR (47%) and TN (1.5%). In VA and AL, calcite determined from XRD analysis is slightly higher than calcite determined from Ca concentration in the shale (Table 4) . No calcite was reported for quantitative XRD analysis in Wales and PA although bulk Ca concentrations equate to 0.19% calcite in PA and 0.08% calcite in Wales, assuming all Ca is carbonate derived. The most likely interpretation is Ca in PA and Wales is also present as plagioclase feldspar, which is known to be present. Overall, quantitative XRD analyses of calcite are in good agreement with bulk Ca concentrations, assuming any Ca in the bedrock is present largely as calcite.
Throughout the climosequence, the mineralogy of the bulk soils largely reflects the parent mineralogy with the addition of secondary minerals such as kaolinite, iron oxides, and vermiculite and loss of some weathered phases including calcite (PR), plagioclase, and illite ( Fig. 3; Table 2 ). Total vermiculite/HIV content at the surface of the soil profiles increases from north to south, from ~8% in PA to 37% in PR. Similarly, all soils show kaolinite addition in the uppermost soil samples, with surface kaolinite content increasing toward the south (~6% in Wales to 30% in PR; Table 2 ). The disappearance of plagioclase from the surface soil is most evident in the PR profile, where plagioclase content decreases from 19% at the base of the profile and in the shale, to <1% plagioclase toward the soil surface. Potassium feldspar shows little change throughout the soil profiles in Wales, PA, and VA; in contrast, soil K feldspar decreases to- ward the soil surface in TN, AL, and PR. Iron oxide content generally increases toward the soil surface, consistent with previous observations of iron oxide minerals in SSHCZO (Yesavage et al., 2012) . However, Fe shows high variability with depth, especially in the southern profiles (TN, AL, and PR).
Soil Clay Mineral Composition
In addition to quantitative XRD, we completed a more detailed analysis of mineralogy in the clay (<2 mm) fraction for selected soils across the climosequence. At all sites, minerals present in the clay fraction include illite, vermiculite, quartz, and kaolinite ( Fig. S2-S6) . None of the studied soil samples contain smectite as evidenced by the fact that no changes were observed in the apparent d-spacing of the 14-Å peak following solvation of a Mg-saturated sample with glycerol (Moore and Reynolds, 1997) . Soil samples treated with 1 M HCl confirmed the presence of kaolinite at all sites. Vermiculite in the clay fraction of samples from VA (Fig. S3), TN (Fig. S4) , and AL (Fig. S6) contains hydroxy-interlayers, as indicated by the incomplete collapse of the 14-Å peak with K-saturation. Successive heat treatments of these samples, up to 530°C, result in progressive collapse of the clay toward a 10-Å d-spacing.
The clay diffraction patterns highlight the weathered nature of the 14-Å minerals. Wales is the only site where discrete chlorite is positively identified in the soil clay fraction by the persistence of the 14-Å peak even after K saturation and heating to 530°C (Fig. S2) . At all other sites, the 14-Å peak shifts toward 10-Å with K-saturation and heat treatments, indicating the presence of vermiculite or HIV, or both. Both vermiculite and hydroxy-interlayerd vermiculite are common weathering products of chlorite in soil environments (Dixon and Weed, 1977) . A small peak at 3.2 Å in the sample from Wales could indicate the presence of albite in the clay fraction, whereas the 4.7-Å and 4.5-Å peaks observed only at this site could be secondary reflections of chlorite and vermiculite, respectively (Harris and White, 2008) .
DISCUSSION
Throughout the climosequence Na is largely present in plagioclase feldspar that weathers to kaolinite. Given that no other Na-bearing minerals were identified through XRD and the fact that Na is not taken up appreciably by vegetation (Herndon et al., 2015) , we conclude that the dissolution of plagioclase results in the loss of Na as solute from the weathered profile. Indeed, the extent of observed Na loss is consistent with enhanced plagioclase weathering as temperatures increase across the climosequence (Dere et al., 2013) . Although plagioclase constitutes <12% of the initial shale and we cannot conclusively identify the true depth to which Na is depleted in each profile, this weathering reaction is the first and deepest reaction we identify (without drilled samples) in the weathering profile. Such an interpretation is consistent with work by Jin et al. (2010) at the PA SSHCZO, which lies within 3 km of our sampled site, where analysis of shale chips in the soil revealed depletion of Na, but not of other elements present in clay minerals (K, Mg, Al, Fe) . Thus plagioclase dissolution occurred deeper than measurable clay mineral dissolution. In this respect, plagioclase dissolution can be considered the so-called "regolith-initiating reaction", that is, the deepest reaction that occurs close to the point where bedrock disaggregates to grains <2 mm, roughly equivalent to the augerable soil depth at these sites .
Previous work at the SSHCZO also identified several weathering reaction fronts in 20-m boreholes drilled into bedrock . For example, under the northern ridge of SSHCZO, the deepest reaction is oxidative dissolution of pyrite, followed closely by dissolution of the carbonate mineral ankerite. All pyrite and ankerite are completely depleted by 23-m depth under the ridge. Weathering of plagioclase and illite commences at 6 and 0.5 m, respectively ( Jin et al., 2010) . Although we did not drill boreholes at our sites, it is possible that deep weathering reactions that remove pyrite and carbonate minerals also occur at depths > 20 m along the climosequence studied here. Given the lack of drilled samples along the climosequence, it is impossible to delineate pyrite and carbonate reaction fronts south of PA or conclude which reaction is profile-initiating. However, consistent with the carbonate depletion model, PR is 100% depleted of carbonate despite calcite constituting almost half of the parent shale (Table 4) . Thus, the loss of Ca to 632 cm is inferred to represent the minimum depth of calcite dissolution at this site. Calcite is an extremely small proportion of shale at all other sites (0-2%) and is often absent (below detection) in soils, indicat- ing that the small fraction of calcite present in parent material at these sites may also have dissolved.
In the shale bedrock, Mg is largely found in chlorite minerals, and to a lesser extent illite (<5%; Jin et al., 2010) . Smectite minerals, which can also contain Mg, were not observed in any soils across the climosequence, as expected for the humid climate regimes included in this study (Barshad, 1966; Barshad and Kishk, 1969; Helgeson et al., 1969) . The proportion of vermiculite/HIV in the soils increases from north to south, indicating a greater transformation of clay minerals in the bedrock to secondary clay minerals in the soil (Fig. 3) . Wales is the only site with chlorite identified in the soils. Based on the lack of chlorite observed in soils at SSHCZO and all other sites along the climosequence, we assume vermiculite/HIV is the dominant secondary mineral resulting from weathering reactions at these sites.
The transformation of chlorite minerals, and to a lesser extent illite, to vermiculite or HIV complicates the interpretation of the Mg t profiles because unlike Na, Mg can be retained in vermiculite and HIV secondary minerals rather than leaving the profile (Dixon and Weed, 1977; Chapman, 1986; Bain et al., 1993) . In other words, it is difficult to interpret the proportion of Mg lost from the weathering of primary chlorite minerals because the weathering-derived Mg is not necessarily removed from the soil profile, but may be retained in vermiculite and HIV, maintaining -1 < t surface < 0. Nonetheless, soils are increasingly Mg-depleted at the soil surface from north to south while the proportion of vermiculite/HIV at the land surface increases toward the south, consistent with the interpretation that Mg lost from chlorite minerals is retained in vermiculite and HIV ( Fig.  2 and 3) . The dissolution of chlorite, comprising roughly one third of the parent mineralogy, represents the dominant weathering reaction contributing to Mg loss and the transformation of chlorite to vermiculite and HIV in these profiles.
Typically, K is almost entirely present within illite minerals in shale-derived soils, transforming to vermiculite on weathering (Bain et al., 1993) . Previous research characterizing the mineralogy of the Rose Hill Formation shale at the SSHCZO reported that illite loses more Fe than chlorite during ridgetop weathering (Yesavage et al., 2012) and is thought to weather before chlorite at this site ( Jin et al., 2010) . In addition, similar K and Mg depletion profiles at SSHCZO were attributed to the congruent dissolution of illite and chlorite ( Jin et al., 2010) . A similar observation describes K and Mg depletion profiles at most of our study sites, which we likewise attribute to simultaneous dissolution of chlorite and illite minerals. In Wales, however, Mg is more depleted than K throughout the soil profile, consistent with previous interpretations that chlorite weathers more rapidly than illite at this site (Chapman, 1986) . Tennessee is anomalous in that K is half as depleted as Mg in the upper part of the profile and greatly enriched at depth (160-380 cm) before returning to parent composition at the bottom of the profile (Fig. 2) . This may be the result of uneven clay mineral translocation into the saprolite fabric, as evidenced by an absence of clay films in the center of the profile (160-220 cm) and then recurrence of the clay films at the 220-cm depth (Fig. 2) . Previous work in the area reported similar observations in saprolite and attributed the patterns to laterally transported clay material having moved along saprolite fractures at depth (Driese et al., 2001; McKay et al., 2005) .
Kaolinite is a stable secondary mineral phase resulting from the destruction of minerals in the 2:1 clay family or the dissolution of plagioclase minerals (Berner and Berner, 1996) and is increasingly abundant at the soil surface toward the southern end of the climosequence (>30%), consistent with enhanced weathering at the southern sites (Fig. 3) . The initial plagioclase content of PR bedrock is 12% but kaolinite constitutes up to 30% of the bulk mineralogy in the soils. Therefore kaolinite present in this soil must not only result from plagioclase dissolution but also clay mineral weathering.
Iron oxides are present in the unweathered shale at all sites but are also precipitated through the weathering of chlorite minerals. The contributions of iron oxides to the soil mineralogy do not show a clear trend with depth and is highly variable within each profile. However, iron oxides can be difficult to identify with XRD if crystallinity is poor (Kunze and Dixon, 1986) . Furthermore, iron oxides appear to be mobilized as particulates rather than dissolved as solutes from shale weathering at the SSHCZO ( Jin et al., 2010; Yesavage et al., 2012) . Nonetheless, even with the observed variability, a greater percentage of iron oxides is present in the southern soils (up to 10% compared with <3% at northern sites), again consistent with more advanced weathering at these sites compared with the northern sites (Buol et al., 2003) .
Quartz is not expected to be a very reactive mineral in these weathering systems and for some sites, including Wales, PA, and PR, the abundance of quartz does not vary much with depth (Table 2 ). In VA, TN, and AL, quartz abundance is greatest near the soil surface, possibly a result of relative quartz enrichment as other minerals are weathered. Alternatively, some quartz may result from the inclusion of sandstone material from the previously overlying sandstone units or the inclusion of chert in the shale at the AL site (Dere et al., 2013) . In fact, Si is heavily enriched at the VA site where blocks of sandstone are present on the soil surface (Fig. 2) .
In summary, the dominant weathering reactions in the sampled regolith profiles along the climosequence include: (i) plagioclase dissolution that produces kaolinite and releases Na ions that are lost in solution from the soil; and (ii) chlorite and illite transformations that produce vermiculite and HIV, which in turn weather to form kaolinite and iron oxides (Fig. 4) . In PR, however, the dissolution of calcite is assumed to have occurred at depth beneath the soil; this reaction may also have occurred at depth at other sites. The deepest weathering reaction observed in the regolith at these shale sites was dissolution of plagioclase feldspar, which may be the profile initiating reaction that begins the transformation of shale bedrock to weathered regolith . Although plagioclase dissolution may initiate weathering, this mineral constitutes a small fraction (<12%) of parent rock across the climosequence and therefore is unlikely to control regolith thickness. The abundance of chlorite and its transformation to vermiculite and HIV are more likely controlling regolith thickness in these soils. Detailed characterization of the morphology, geochemistry, and mineralogy of shale-derived soils across a climosequence documents enhanced weathering and soil development with increasingly warm and wet climates; such characterization across a range of climate regimes will help us move toward a more quantitative understanding of the CZ. Dere et al., 2013) . Calcite is present in the Puerto Rico shale but is completely weathered from the soil profile, thus calcite dissolution may be the deepest weathering reaction at this site. Calcite dissolution may be occurring at depth at other sites in the climosequence, but calcite represents <2% of the initial mineral composition of the shale at these sites and we lack deep cores to confirm the maximum depth of this reaction front.
